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Abstract 
Momentous amount of glycerol is produced as a by-product during bio-diesel production by the transesterification 
of vegetable oils, which are available at low cost in large supply from renewable raw materials. As hydrogen is a 
clean energy carrier, conversion of glycerol to hydrogen is one among the most attractive ways to make use of 
glycerol. In this study, the catalytic production of hydrogen by steam reforming of glycerol has been experimentally 
performed in a fixed-bed reactor. The performance of this process was evaluated over 10wt% Ni supported alumina 
xerogel catalysts. Ni is impregnated over alumina xerogel which was pretreated at different temperatures of 700°C, 
800°C, 900°C and 1000°C. For a comparative purpose, the steam reforming experiments were conducted under same 
operating conditions, i.e., reaction temperature of 600°C, atmospheric pressure and 1:6 glycerol to water molar ratio 
where we are getting 100% glycerol conversion in all the runs. The results showed that the hydrogen production 
increased with the increase in the treatment temperature of the support. The highest amount of hydrogen produced 
was attained over 10wt% Ni doped alumina xerogel pretreated at 1000°C. The catalytic enhancement over the best 
catalyst system is due to the thermal stability of the support which is treated at highest temperature. Sol gel method of 
preparation is implemented in the support development and different catalyst systems used in the reforming process 
were characterized using X-ray powder diffraction, BET surface area and SEM analysis.  
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1. Introduction 
Due to the expenditure of energy supply reserves, researchers are nowadays focusing their attention to 
develop new energy resources. One of the most attractive solutions of this problem is given by utilizing 
biomass resources to a useful energy. Moreover, the significant advantage of using renewable materials, 
as the substrate for energy production, is the reduction of carbon dioxide releases to the environment, 
since the liberated CO2 from the process is consumed by the growth of biomass [1]. One potential 
alternative for using biomass is in hydrogen production. Due to its ability to provide a useful energy in 
fuel cell devices, the demand of hydrogen is growing tremendously [2]. Among the various renewable 
materials, glycerol can be used as a low-price feedstock for hydrogen production. Currently, a surplus 
amount of glycerol is obtained as by-product in the transesterification process of vegetable oils for bio-
diesel production [3]. In this process, 1Kg of crude glycerol is obtained per 9Kg of bio-diesel produced 
[4]. A wide range of processes to produce hydrogen from glycerol have been considered. To date, Steam 
reforming is a promising optional and broadly investigated process for utilizing glycerol to hydrogen [5]. 
In the catalytic process of glycerol steam reforming, nickel and noble metal-based catalysts, supported on 
Al2O3, SiO2, AC, MgO, ZrO2, CeO2, are commonly implemented [6]. The most important problem 
associated to the use of these catalysts is the deactivation resulted from the coke formation on the active 
site of the catalysts [5]. The steam reforming reactions of glycerol to produce hydrogen can be generally 
summarized as follows. 
steam reforming reaction: 
 
                                                                                                                (1)   
                               
water-gas shift reaction: 
                                                                            
                          (2) 
 
The overall reaction is as follow: 
                                                                            
                                  (3) 
 
 
In the catalytic steam reforming of glycerol, the effectiveness of the catalyst used is the key aim of the 
volubility of the process. The nature of the active metal, thermal stability of the support and the method 
employed in the catalyst preparation strongly influences the catalytic activity [7]. Since the structural 
characteristics of the catalysts are strongly affected by the synthesis method, many catalyst preparation 
techniques have been implemented in the reforming processes. For glycerol reforming process, wet 
impregnation method has been widely used for synthesis metal-based catalysts [1, 2, 8-11]. Deposition-
precipitation [3] and co-precipitations [12] were also employed to synthesis catalysts. Another possible 
choice for the synthesis of catalysts, which has exhibited a good performance in a catalytic reforming of 
ethanol [13] and methanol [14], as well as in biodiesel production [15], is sol-gel method. However, this 
process has not yet sufficiently employed in steam reforming of glycerol. In this work, the sol-gel method 
was applied to prepare alumina support, where we impregnated Ni metal. Attaining high surface area for 
the support is the main purpose of using this preparation technique. The alumina support was pretreated at 
different temperatures before it is impregnated with nickel. The activities of prepared catalysts were 
tested in steam reforming of glycerol. 
CO + H2O                              CO2 + H2 
C3H8O3 + 3 H2O                          7 H2 + 3 CO2
H2O C3H8O3 (g)                                              4H2 (g) + 3CO (g)  
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2. Experimental 
2.1. Catalyst preparation 
2.1.1. Support preparation 
Aluminium isopropoxide (Sigma-Aldrich) was used as a precursor to prepare Al2O3 by sol-gel method. 
In this process, a 0.39 mole of aluminium precursor was dissolved in a solution of 1.56 mol of n-propanol 
and 0.13 mole of nitric acid (HNO3) at room temperature.  For a complete hydrolysis, a 1.56 mole of 
water was added drop wise to the solution under a constant stirring.  After the addition of water, the 
solution temperature was increased and held for 50 min at 80°C. After that, the mixture was cooled to 
room temperature and aged for 12 hr. Dried overnight at 100° to get the xerogel. The xerogel was then 
calcined at different temperatures of 700°C, 800°C, 900°C and 1000°C for 5 hr. 
2.1.2. Catalysts preparation 
Nickel Catalysts were prepared over a sol-gel alumina using wet impregnation method.  The 
impregnated Ni catalysts on the support pretreated at different temperatures were designated as Ni/Al2O3 
S. g @700, Ni/Al2O3 S. g @800, Ni/Al2O3 S. g @900 and Ni/Al2O3 S. g @1000. In this process, nickel nitrate 
hexahydrate [Ni(NO3)2. 6H2O] (Sigma-Aldrich) solution was impregnated with alumina xerogel. 10wt% 
Ni loading was used in all prepared catalysts. Catalysts were dried overnight at 100°C and then calcined 
at 700°C for 5 hr. 
2.2. Catalyst characterization 
Various techniques were used for catalyst characterization. Identifying the crystalline phases of nickel 
and alumina presents in the catalysts was achieved by X-Ray diffraction analysis on Bruker AXS D8 
Advanced diffractometer using a Cuk  ( =1.5418) radiation source with a scanning rate of 0.02°/s.  The 
XRD patterns were obtained at values of 2-theta ranging from 10° to 80°. Braunauer-Emmet-Teller 
(BET) method was applied to measure the surface area of the catalysts using Altamira Instrumen AMI-
200 instrument. Morphology, elements ratio, and distribution of nickel phase on the support were 
measured by Scanning Electron Microscopy (SEM-EDX) using FESEM SUPRA 55VP device. 
2.3. Catalytic activity test 
The catalytic reaction of steam reforming of glycerol was performed in order to determine the catalytic 
activity of prepared catalysts in hydrogen production. For comparative purpose, the reforming reactions 
were conducted under same operating conditions (600°C and atmospheric pressure using 0.5g of catalyst 
in all the experiments). Glycerol solution with glycerol to water molar ratio of 1:6 was fed into a fixed-
bed micro-reactor (i.e. length: 39 mm, inside diameter: 6.35 mm, wall thickness: 0.9mm) using a HPLC 
pump (PHD 440, Harvard Apparatus) at a constant flow rate of 0.05ml/min. Glass wool was used to 
support the catalyst powder in the middle of the reactor. Previous to the experiments, the catalysts used 
were first heated up to 350°C for 1 hr to remove impurities and then reduced under hydrogen gas flow for 
1 hr at 600°C. Products stream was passed through a cooler to separate gases from liquids. Collected 
gases were sent to the GC (Clarus 500 Perkin Elmer woth FID and TCD detector) for gas analysis, 
whereas liquid products were analyzed using HPLC (Johnson chromatography, 1200 series, Agilent 
technologies) to find out the glycerol conversion.     
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3. Result and discussion  
3.1. Catalyst characterization   
X-ray diffraction method was used to investigate the crystalline phases present in the nickel catalysts. 
The XRD measurements of prepared alumina xerogel and alumina xerogel supported Ni catalysts are 
shown in Fig. 1. The peaks at 45.9° and 67° for 2-theta correspond to the crystalline phase of -Al2O3. 
The diffraction lines of nickel phases were presented at 18.9° and 37.3° for NiO, 33° for Ni2O3 and 59.8° 
for NiAl2O4 in all nickel catalysts. The peaks of NiAl2O4 at 31.4° and Ni at 39.2° observed in Ni/Al2O3 S.g 


















Fig. 1 XRD Patterns for (a) Al2O3 S.g, (b) 10% Ni/ Al2O3 S.g @700°C, (c) 10% Ni/ Al2O3 S.g @800°C, (d) 10% Ni/ Al2O3 S.g 
@900°C, (e) 10% Ni/ Al2O3 S.g @1000°C. 
 
 
Table 1 shows the surface area measurements of alumina xerogel supported nickel catalysts. As 
depicted in the table, dried alumina xerogel without the presence of metal dopant had given the highest 
surface area (440 m2/g). The surface area of the support decreased with increase in the pretreatment 
temperatures (data not shown), It again decreased after impregnation with nickel catalyst. This reduction 
in the surface area could be attributed to the dispersion of nickel phases in the pore volume of the support. 
Determination of the chemical compositions of prepared catalysts was achieved by scanning electron 
microscope (SEM-EDX analysis instrument). From Fig. 2, in general, the scanning results showed a good 
dispersion and distribution of nickel phases on the support. Nickel phases on 10% Ni/ Al2O3 S.g @700°C were 
indicated by the red spots. 
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Table 1 Surface area alumina supported Ni catalysts 
 
Catalyst Surface Area  m2/g 
Al2O3 S. g 440.00 
10% Ni-Al2O3 S. g @700 227.56 
10% Ni-Al2O3 S. g @800 201.98 
10% Ni-Al2O3 S. g @900 172.69 





Fig. 2 SEM for (a) 10% Ni/ Al2O3 S.g @700°C, (b) 10% Ni/ Al2O3 S.g @800°C, (c) 10% Ni/ Al2O3 S.g @900°C, (d) 10% Ni/ Al2O3 S.g @1000°C. 
 
Tale 2 shows the weight percentages of Ni on the samples, analyzed by EDX. It can be observed that 
as the pretreatment temperature of the support increase, the Ni weight loading turn out to be in agreement 
with the calculated value. This result could be attributed to the better interaction between the metal and 
support at high pretreatment temperatures.  
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Table 2 The Ni loading over prepared catalysts 
 
3.2. Glycerol steam reforming 
The catalytic activities of the prepared catalysts were investigated in terms of hydrogen production from 
steam reforming of glycerol since in all cases we are getting 100% glycerol conversion. Fig. 3 and 4 
shows the yield and moles of hydrogen produced respectively. From Fig. 3 it can be depicted that the 
catalytic reforming process toward hydrogen production enhanced with increase in the treatment 
temperature of the support. This improvement in hydrogen production is due to the better dispersion and 
distribution of nickel catalyst on the support at high pretreatment temperature as shown by SEM-EDX 
analysis. X-ray diffraction patterns of the samples suggest the active phases over present catalyst systems 














Fig. 3 Hydrogen yield in glycerol steam reforming process. 
 
 
Catalyst                                                                 Weight %                                           Atomic % 















10% Ni-Al2O3 S. g @700 50.64 36.24 13.12 66.89 28.39 4.72 
10% Ni-Al2O3 S. g @800 49.40 38.48 12.11 65.41 30.21 4.37 
10% Ni-Al2O3 S. g @900 51.40 37.30 11.31 67.10 28.87 4.02 
10% Ni-Al2O3 S. g @1000 50.82 39.08 10.10 66.22 30.20 3.59 















Fig. 4 Moles of hydrogen produced. 
 
As shown in Fig. 4 the highest moles of hydrogen produced was 4.4 mol, equivalent to 63% hydrogen 
yield, and was obtained over Ni catalyst supported on alumina xerogel pretreated at 1000°C.  
 
4. Conclusion  
The catalytic activity of Ni-based catalysts supported over sol gel alumina was investigated in the 
steam reforming reaction of glycerol. The effect of pretreatment temperature of the support on the catalyst 
activity was evaluated. Ni was impregnated over alumina xerogel pretreated at different temperatures of 
700°C, 800°C, 900°C and 1000°C. Glycerol conversion and hydrogen yield were measured in all catalytic 
experiments. The highest moles of hydrogen produced were 4.4 mol with a selectivity of 63% when the 
reforming reaction was performed over 10% Ni/Al2O3 where the support was pretreated at 1000 . The 
enhancement in the catalytic activity with increase in the pretreatment of the support attributed to the 
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